Introduction -why earthworms are worth gold (the wormvalue)
Healthy and productive soils are necessary for sustainable food, feed and fibre production worldwide (FAO and ITPS, 2015) . Soil biota provide a great variety of ecosystem services (ES) (Barrios, 2007; Wall, 2012) but in spite of this knowledge their importance for e.g. crop production and soil formation is hardly mentioned in central publications such as the Millennium Ecosystem Assessment (MA, 2005) and the UK NEA (2011). In addition, although ES in general are important for human well-being and economic prosperity, the general focus on soil management for yield and production in agriculture has had negative effects on other than provisioning ecosystem services (e.g., Geiger et al., 2010; Power, 2010; UK NEA, 2011) , which undermines the long-term sustainability of agricultural practices (Wall, 2012) .
In 2015, the UN adopted the 17 Sustainable Development Goals (SDGs) (UN General Assembly, 2015) . This ambitious follow-up to the Millennium Development Goals (MDG; UN, 2015) calls on all signatory countries to undertake efforts to achieve the SDGs over the next 15 years and puts a much stronger focus on the sustainable use of natural resources than the MDGs did. For the first time, soil quality was directly targeted in an international commitment (Keesstra et al., 2016) , even though it has long been recognised that soils are essential for sustainable development. Although belowground biodiversity is not explicitly mentioned in the SDGs, there is a growing awareness amongst scientists and governments that healthy soils and soil biodiversity are interdependent, and that reductions in soil biodiversity render soils more vulnerable to other degradation processes (Keesstra et al., 2016) .
The strong connection between soil quality and food provision is made visible in SDG 2 on food security, which says that by 2030 sustainable food production systems should be insured by implementing resilient agriculture practices that improve soil quality.
Here we highlight the importance of soil biota for ecosystem processes, ecosystem services, food production and human well-being. We explicitly focus on ES mediated by earthworms because earthworms are usually the most abundant soil animal group in agricultural soils in terms of biomass and therefore affect many ES including soil structure and quality as well as plant production (e.g. Clements et al., 1991; Van Groeningen et al., 2014; Bertrand et al., 2015a) . In addition, they are one of the few soil animal groups that farmers as well as the general public are aware of and care about. For reasons of simplification and communication of the value and benefits of earthworms for farming systems and societies, we focus on the role this group plays for the suppression of toxigenic fungal plant pathogens producing mycotoxins. We have chosen this example because in the European Union (EU), toxigenic plant pathogens cause severe economic losses every year. In particular, Fusarium species are amongst the most relevant pathogens in cereals. The main host plants are wheat, triticale and maize and to a lower extent other winter cereals. In 2015, more than two thirds (68%) of the EU cropland were grown with crops susceptible to a Fusarium infection (Eurostat, 2017) .
Towards an economic value for sustainable agriculture: the importance of soil organisms for ecosystem services
Ongoing land degradation and environmental incidents such as severe droughts constantly show that we cannot take nature's benefits for granted. Fresh water supply or air quality regulation cannot be seen as unrestrained public goods. In particular, in times of scarcity or absence of resources, the importance of providing ES becomes apparent.
Therefore, in accordance with welfare economics theory, we assume that an economic valuation can provide useful information about changes resulting from the management of organisms that directly affect ES, such as the soil biota.
Although the notion that humans depend on nature for their wellbeing has been recognised for a long time (see e.g. Gomez-Baggethun et al., 2010) , the formulation of this as ES is more recent. In two formative articles, ES were defined as "the conditions and processes through which natural ecosystems and the species that make them up, sustain and fulfil human life" (Daily, 1997) or as "the benefits human populations derive directly or indirectly from ecosystem functions" (Costanza et al., 1997) . The subtle differences between these definitions illustrate that the term ES can be approached by a basically ecological as well as a more economic perspective. Costanza et al. (2017) provide a concise summary of the progress of bringing environmental facts into the economic debate that has been made since two decades of research. However, the use of the ES concept has not been prominent in agricultural sciences (Tancoigne et al., 2015) . It was argued that agricultural sciences mainly address ES in a biophysical manner, and often use other but similar concepts (Tancoigne et al., 2015) .
ES have been characterised as being the outcome of actions and interactions of organisms (e.g. Bengtsson, 2010) , which result in primary or secondary production of plants and animals used by humans, pollination of crops, or biological control of pests. However, in production ecosystems, such as those in agriculture, ecosystem processes are not the only determinant of ES. The ES such as crop yield are coproduced by ecosystem processes and by the management of the agroecosystem (Rist et al., 2014; Bengtsson, 2015; Palomo et al., 2016) . This makes it necessary to understand and explicitly include in the ES concept the largely socio-economic processes that determine how farmers manage their land, and how this affects the delivery of ES to farmers and other stakeholders in society. How farmers could reduce the Fig. 1 . Potential contributions of functional agrobiodiversity to ecosystem services for agriculture (1) Direct contributions to the crop yield by pollination, mainly by insects, but also mammals and birds, some pollinating insects have below-ground larval stages; (2) biological pest control by parasitism and predation, often by insects which may have below-ground larval stages or use soil animals as alternative prey; disease control by fungi and bacteria, indirectly also by soil animals such as earthworms; (3) nutrient regulation of soils and crops e.g. by nitrogen-fixing bacteria, efficient uptake of nutrients via mycorrhiza; (4) formation of favourable soil structure by mycorrhiza and other fungi, bacteria, earthworms and other soil animals; aeration and creation of soil pores by burrowing soil animals allows easy soil penetration and growth of plant roots (5) decomposition and mobilisation and immobilisation of nutrients by microorganisms decomposing organic matter and mineralizing nutrients, processes which are mediated by soil animals (e.g. via bioturbation, litter fragmentation and translocation of plant remains); (6) anecic and litter-dwelling earthworms regulate soil water-drainage and moisture holding capacity. Double sided arrows indicate mutual dependency of services; these may result in synergies or trade-offs. (Redrawn from Faber et al. (2016) .) fungicide treatment with the support of earthworms can be seen in an example provided in Section 4.
Apart from genetic diversity in crops and cattle, biodiversity per se has often been considered of little consequence for agriculture in agronomy. However, there are certain groups of organisms that are, or can be, especially useful in support of agricultural production systems. These organisms can be termed 'functional agro-biodiversity' (FAB) (ELN-FAB, 2012; Faber et al., 2016) and include natural predators on pests, pollinators and mycorrhizal plant symbionts. While ecological research has provided an increasing body of evidence of such "biological cultivation support" for some decades, ecological research is currently validating how to optimise FAB in adaptive management systems.
Five main regulating and supporting services to agriculture and farming can be distinguished ( Fig. 1) : Pollination, disease suppression and pest control, nutrient regulation, water regulation and erosion control as well as soil structuring. Each of these ES depends on healthy soils and diverse soil organism communities. Many pollinator insects conclude their reproduction cycle belowground, including egg deposition and larval development. Most microbial antagonists to fungal and bacterial crop diseases and animal pests are also soil-borne, as are many natural predators that operate as biological pest control agents aboveground. Soils therefore represent an essential habitat in the agro-ecosystem on which FAB depends heavily. As a consequence, soil management by the farmer needs to address the soil as a habitat as well as a substrate for cropping, in order to optimise the services that FAB provides for farmers' financial interest, and to ensure long-term sustainability of soil fertility, soil structure, and ES.
Farmers, landowners and agricultural businesses may be motivated to make a transition towards increasing use of sustainable practices to enhance ES provisioning for several reasons:
First of all, conventional agriculture (CA) is increasingly facing threats from soil degradation, such as compaction, erosion, organic matter decline, and soil biodiversity loss. The European Commission (2006a) identified these threats in the proposal for a Soil Framework Directive, which was finally withdrawn in May 2014 (for background and reasons see Glaesner et al., 2014) . These threats are already stabilising maximum yields at current levels despite increased management efficiency, and can be expected to further impact food production and the economy of agronomical businesses by gradually reducing crop yields and quality (farmers' profitable income) as well as an erosion of buffering capacity to future increased incidences of extreme events affecting agriculture, e.g. heavy rainfall, droughts, or heatwaves that may cause partial or complete crop loss (farmers' income security) (Collaku and Harrison, 2002) .
Secondly, under the European Common Agricultural Policy (CAP) regulations farmers are encouraged to include practices that involve 'ecological intensification'. Depending on CAP instruments being developed and evaluated, and depending on specific implementation by Member States, CAP payments for 'greening agriculture' measures may increase the application of farming practices that help to close nutrient cycles (cover crops, green fertilizers, organic manure) and decrease land use intensity (reduced tillage, multiple-crop rotations cycles including grasses/cereals) (Van Doorn et al., 2017) . These measurements are likely to increase soil biodiversity in general. But we are looking inside the complexity to find out more about useful tools to stimulate soil biota for healthy soils with farm management options.
Thirdly, bringing together the interests of farming and nature conservation may result in 'nature inclusive agriculture'. With the second pillar of the common agricultural policy (CAP), the EU's rural development policy is designed to support rural areas and meet the wide range of economic, environmental and societal challenges in the member countries. CAP Pillar II instruments could be developed to promote farming measures that aim to conserve and enhance aboveground biodiversity (e.g. game crops, set-aside, and wildlife seed mixtures, fallow land, field margins and flower strips, beetle banks, wood shingles and other green veins in the landscape). These interventions will also enhance natural enemies for pest control as well as provide habitat for wild pollinators (insects, birds and mammals). Also, indirectly, soil biodiversity in agricultural fields will profit from these measures as the surrounding landscape elements provide opportunity for recolonization after disturbances from tillage (Frazao et al., 2017) or extreme weather events.
Reason 1 above suggests that conventional agriculture without fundamental production innovations directed towards avoiding harmful management practices risks leads to a dead end. In that case, an agricultural system transition is needed to guarantee future sustainability in farming. Reasons 2 and 3 provide perspectives for such a transition and propose some subsidiary support measures that could contribute to the transition costs.
Soil management can be seen as the link between the on-farm cycle where soil biota mediated processes affect plant health and yield and the local or global cycle of crop production and trade on global markets (Fig. 2 ). This highlights management by farmers as a key process linking ES to the economy of the food system.
Agricultural soil management practices affect biological activity, soil ES, and also disservices such as soil-borne pests and pathogens. The provision of ES through soil and crop management is a result of interactions between soil biota and the abiotic soil environment in what has for a long time been called as a 'black box' underground. Within this 'black box' different functional groups of soil biota are closely linked within a metabolic or feeding network, the soil food web ( Fig. 3 ): Chemical engineers are responsible for the decomposition of plant organic matter into nutrients readily available for plants, animals and humans. Biological regulators modulate populations of soil organisms through grazing, predation or parasitism including pests and diseases. Ecosystem engineers modify environmental conditions for other organisms through their mechanical activities (Jones et al., 1994; Lavelle et al., 1997; Turbé et al., 2010) . This functional classification provides a clear framework for innovative farm management options to stimulate soil biodiversity.
In this paper, we focus on a selected set of ES that are strongly related to the abundance and functional diversity of earthworms and agricultural management. To link these processes to the economy cycle in Fig. 2 , we consider that ES that are supplied and consumed in the absence of market transactions can be identified as a form of positive externalities within the neoclassical economic paradigm.
From the economic point of view there is no well-qualified answer to the question: "What is the economic value of ES provided by earthworms"? In an attempt to categorise values of biodiversity, Bengtsson et al. (1997) distinguished between an instrumental value of direct importance for a system and an insurance value indirectly maintaining functioning and sustainability of a system. Decaëns et al. (2006) differentiated between the intrinsic values of species without any economic relevance and instrumental values of species with economic relevance. The latter were subdivided into direct economic values, when species are for instance harvested for food or feed usage, and indirect economic values derived from biological activity driving ecological processes and providing ES thereby (Decaëns et al., 2006) . Accordingly, the activities of earthworms in their multiple roles (sensu Turbé et al., 2010) as ecosystem engineers forming soil structure, as chemical engineers decomposing organic residues and as biological regulators affecting other soil organisms, such as reducing soil-borne pathogens, can be assigned to indirect economic values. An economic assessment of earthworm services would provide strong arguments to convince policy makers to work more actively towards the protection of the soil system Reduction of Fusarium biomass was analysed via ELISA methods and compared to the initial Fusarium biomass.
c Necrosis severity was scored with a four-class visual index, based on the proportion of the stem section destroyed by the fungus: 0 = no attack; 1 = less than 1/3 of the stem section destroyed, 2 = between 1/3 and 2/ and the sustainability of soil management. The reconciliation of both the external engineering agriculture and the internal ecosystem driven self-organizing mechanisms within common agricultural practices seems to be a key to create sustainable farming systems. The cultivation of agricultural land has well known negative and less known positive effects on biodiversity and related ES (Tscharntke et al., 2005; Tsiafouli et al., 2015) . A loss in soil quality and functions will result in significant economic costs for users and society. However, farmers are via their choices of management practices in the position to counteract the negative effects of intensive farming.
Earthworms as ecosystem services mediators
Soil management practices can strongly affect earthworm communities and related processes depending on the intensity of the measures taken (Beylich et al., 2010; Holland, 2004) . In general, earthworm abundance, biomass and species diversity is known to decrease significantly with higher intensity such as inversion tillage and pesticide use (Pelosi et al., 2014; van Capelle et al., 2012) . There are reports of earthworm individual numbers (per m 2 ) from 30 (ploughing) to 400 (no-till) under field conditions (van Capelle et al., 2012; Rutgers et al. 2016; Frazao et al., 2017) .
The impact earthworms have on soil processes and other soil organisms via their burrowing and mixing of soil and organic matter strongly depends on their functional traits (Brussaard et al., 2012) , such as behavioral traits (deep burrowing, horizontal dwelling) and/or feeding traits (detritivorous, geophagous). The abundance of earthworms and the ratio of earthworm species representing these different types of traits were found to be of great importance for the provision of associated ES (Spurgeon et al., 2013) . These interactions within and between soil biota communities are important drivers of self-regulation in soil and are fundamentally important for the control of harmful fungi. Suppression and degradation of plant pathogenic soil fungi by soil biota is an important ES, which together with other soil related ES has often been neglected from an agricultural viewpoint (Adhikari and Hartemink, 2016; Wall et al., 2015) . In particular, bottom-up control by earthworms is considered to play an important role in biological control of soil-borne pathogens (Fig. 3) . In the following, we are using the definition for pest and disease in conformity with EFSA (2017, p.35) .
Besides a variety of ES provided by the soil ecosystem and its soil biota, there are also ecosystem disservices that may have harmful effects on human well-being (see e.g. Lubbers et al., 2013, pp. 187-194) . For instance, there is evidence that earthworms can increase N 2 O emissions from soils (Rizhiya et al., 2007; Lubbers et al., 2013) . This disservice by earthworm activity depends on residue placement (on soil surface or incorporated) and earthworm functional group (Giannopoulos et al., 2010) as well as soil texture (Schorpp et al., 2016) . Focusing on agricultural ecosystems, ecosystem disservices include the promotion of crop pests and pathogens which decrease productivity and can result even in complete crop loss (Zhang et al., 2007) . Disservices are often associated with poor management of the agricultural system, for example the simplification of landscapes due to large-scale monocultures may cause pest outbreaks because natural enemies are negatively affected by habitat loss (Thies and Tscharntke, 1999; Weibull et al., 2003) . Disservices may also occur under conservation tillage, when mulching techniques are used to protect soil from degradation. These techniques can significantly increase the risk of soil-borne plant pathogens infecting following crops (Pereyra and Dill-Macky, 2008) . Pathogenic fungi such as Fusarium spp. may survive and colonise crop residues, which leads to an increased infection risk of the cultivated crops. Furthermore, toxigenic fungal plant pathogens are able to produce toxic secondary metabolites (mycotoxins).
Biological control and biodegradation options to reduce soil-borne plant pathogens and their environmental contaminants (such as mycotoxins) are coming into focus because soil processes supporting disease suppression being regarded as an ES (Fig. 3) . In particular, the contribution of the deep burrowing earthworm species Lumbricus terrestris to biocontrol of fungal plant pathogens such as Fusarium species and their mycotoxins such as deoxynivalenol (DON) is highly relevant (Oldenburg et al., 2008; Wolfarth et al., 2011; Wolfarth et al., 2016; Meyer-Wolfarth et al., 2017) . Table 1 provides an overview of direct inhibitory effects of different earthworm species with two types of feeding traits (detritivorous, geophagous) on several fungal plant pathogens in wheat. Seven investigations have been evaluated taking into account the experimental conditions (climate chamber, greenhouse, field), the soil provided in the experiments and the individual density of earthworms (individuals m −2 ). The summary in Table 1 revealed that the reduction effect of earthworms depends on the functional group and on the density of the earthworms. Detritivorous earthworm species reduced fungal infection or fungal inoculum by 48-99% with a mean reduction of 72%. Geophagous earthworm species reduced the disease parameters by an average of 43% (28-68%). Beside the degradation of fungal plant pathogens in wheat, earthworms also reduce the disease severity of major fungal pathogens (Fusarium spp., Verticilium spp.) infesting horticultural crops such as asparagus (50%), tomatoes (68%) and eggplant (28-61%) (Elmer, 2009; Elmer and Ferrandino, 2009 ). In addition to direct inhibitory effects of earthworms on fungal plant pathogens, there are also reports of indirect impacts. It is for example well known that earthworms stimulate plant growth and plant production as reviewed by Van Groeningen et al. (2014) . Table 2 summarises reports of plant growth effects of geophagous earthworm species on wheat when infected with the fungal plant pathogen Gaeumannomyces graminis. The listed reports demonstrate the potential of geophagous earthworms to affect plant growth parameter. The number of emerged plants increased by a mean of 20% in the presence of earthworms and in the case of the plant shoot weight an increase of 58% was measured. In one study even an increase (26%) of grain yield Table 2 Indirect effects (increases in plant number, increased plant shoot weight, increased grain yield or increased plant height) of different geophagous earthworm species on the fungal plant pathogen Gaeumannomyces graminis in wheat considering the individual density of earthworms [Ind m
−2 ], the soil provided in the experiments and the experimental conditions (field, greenhouse) within an experimental time span of 9-10 weeks. The effects were measured compared to a non-earthworm control. Earthworm species: A. t. = Aporrectodea trapezoides; A. r. = Aporrectodea rosea; A. tub. = Aporrectodea tuberculata; A. c. = Aporrectodea caliginosa.
E. Plaas, et al. Ecological Economics 159 (2019) 291-300 was reported (Clapperton et al., 2001) . Tables 1 and 2 provide a set of cogent information for an economic valuation of an important ES of earthworms in agroecosystems and contribute to the answer of the question "What is the earthworm worth?" Furthermore, the presented data could complement the conceptual framework for economic valuation of such functional biodiversity coined by Pascual et al. (2015) .
4. Ecosystem services in cropland -why this matters up to the grain world market
The dominance of wheat production in the EU has led to narrow cereal crop rotations that increase the risk of Fusarium infection, in particular when maize is grown before cereals, since maize residues are the most advantageous substrate for the colonisation and development of Fusarium fungi (Champeil et al., 2004; Leplat et al., 2013) .
Severe outbreaks of Fusarium diseases can lead to (1) a significant yield loss up to 50% (Parry et al., 1995; Pasquali et al., 2016) and (2) quality reduction as a result of mycotoxin contamination of the grains (Leslie and Summerell, 2013) . Due to their high toxicity, regulatory limits have been set by the European Commission (EC, 2006b (EC, , 2007 , to protect humans from DON and other mycotoxin exposure through cereal grain consumption with a limit of 1.250 μg kg −1 in unprocessed cereals other than durum wheat, oats and maize (Regulation EC No. 1881 and EC No. 1126 /2007 . In most cereal production areas, current management to control this disease heavily relies on fungicides. Fungicide application directly before flowering is the most effective way to avoid early infection. However, the growing need for multiple fungicide applications has increased the economic cost for growers alongside with public concerns over pesticide risks and the evolution of pathogen resistance. This is particularly relevant because fungicide application never fully prevents that the cereals are colonised by Fusarium, in particular when humid weather conditions are facilitating the spreading of the disease. For instance, in a recent field trial in Lower Saxony (Germany), the mycotoxin levels could only be reduced by 50% and under favourable conditions up to 70% by applying an azole containing fungicide during cereal flowering (LK Niedersachsen, 2017).
Biocontrol methods represent an alternative to conventional management that can reduce pesticide risks and resistance development (Pertot et al., 2015) . Based on the summarised evidence of Tables 1 and  2 , we provide an example to demonstrate that earthworm activity is able to reduce the risk of Fusarium-related diseases and mycotoxin contamination. We are considering winter wheat production in the Lower Saxony region, Germany. In one scenario wheat is grown under conventional management practices, such as ploughing (Table 3 ) and in the other scenario under conservation tillage (without ploughing). Reduced soil disturbance in combination with thorough residue management fosters earthworm populations, reduces the possible inoculum source for Fusarium-related diseases and makes a reduced application of chemical fungicides possible. The calculation of the standard gross margin is a first step to calculate the economic value of the disease suppression effect of earthworms.
We have chosen standard gross margin (SGM) as a measure of the relative contribution of wheat production to overall farm revenue. For winter wheat a SGM is calculated per ha as separate activity to ensure comparability with other crops or farms in other regions of our research.
The calculation is based on regional datasets for Lower Saxony (Germany). For illustrative purposes we are assuming that the yield level is the same in all scenarios (taking the German average 2015-2017), ignoring other ES provided by earthworms than disease suppression. There are two different fungicide application regimes (Table 3) : Two applications, which is the dominating practice in Lower Saxony (scenario A) and a reduced treatment with one application (B and C). In our German study region two fungicide applications occur on average during the vegetation period (information from the consulting service of the Chamber of Agriculture Lower Saxony and farmers' interviews). Reducing fungicide application under conventional wheat production, however, bears the risk of mycotoxin contamination, in particular under unfavourable humid weather conditions during flowering period. This leads to a situation where in some years the produced wheat can only be sold as lower quality wheat. Here we assume that wheat can only be sold at 149.03 EUR t −1 instead of 160.54 EUR t −1
, as it only reaches feed quality (AMI, 2019) . In cases of higher mycotoxin contamination, the price may be even lower.
Depending on the type of cultivation the SGM in our example is 624 EUR ha −1 (scenario A: ploughing, 2 fungicide applications) or up to 699 EUR ha −1 (C: conservation tillage, 1 fungicide application). The SGM is increasing by 75 EUR ha −1 (+12%) because of well-active earthworm species. In a year with mycotoxin contamination under ploughing with reduced fungicide application (scenario B), the SGM is even 132 EUR ha −1 less than under scenario C. The disease suppression of earthworms goes along with additional long-term benefits, in particular improvements of the soil structure and the availability of nutrients. Therefore, it would be possible under scenario C to gradually further reduce inputs, in particular fertiliser application, reducing the risk of nutrient leaching and avoiding negative effects on water quality. The potential to recover functional and structural integrity after a disturbance, and to adapt to new circumstances, is generally defined as resilience. For the soil "this potential is a product of the past and the present soil management, and at the same time prospect of possible soil responses to future disturbances." (Ludwig et al., 2018) . This stabilisation and improvement of resilience has an economic value that should also be added to the economic value calculated for the example in Table 3 . However, due to limited data availability this part of additional economic benefits of ecosystem services in cropland cannot be included here and requires further research activities. While the example provided in Table 3 covers only wheat production it can be concluded that ES have a direct impact on productivity and profitability of crop production and consequently will improve the competitiveness of crop production on domestic and international markets. As Robinson et al. (2014) concluded "value is much bigger than E. Plaas, et al. Ecological Economics 159 (2019) 291-300 simply monetary value" and with this comparison of production costs lowering due to healthy and active soil biota like the earthworms there is the extrinsic value that is recognisable and simple to demonstrate.
Discussion and Implications
In this paper we demonstrate that soil organisms and in particular earthworms support a wide range of soil-associated ES which can stabilise yields and ensure good quality products, while at the same time improving the resilience of crops that are under water or other climatic stresses. Demonstrating the positive effect on the standard gross margin is only a first step to quantify positive effects deriving from healthy soils with abundant soil life at farm level and finally for the society.
An economic assessment of earthworm services would foster and encourage farmers to implement practices that contribute to enhanced soil quality, disease prevention and the sustainability of soil management. Soil management, however, plays the key role in the design of sustainable cropping systems (Roger-Estrade et al., 2010) . Organic residue management, prevention of compaction, crop rotation and the timing of cultivation, must be considered together, with an assessment of their impact on pests and their natural enemies and on ecosystem engineers (Roger-Estrade et al., 2010) . Farmers benefit from the biocontrol service provided by earthworms as listed in Tables 1 and 2 . The provision of ES by earthworm species directly contributes to a significant reduction of disease prevalence which in economic terms reduces the need for pesticide application and hence, leads to a reduction in production cost with a positive effect on the economy of crop production. The control of fungal pathogens like Fusarium species and their mycotoxins can be managed by farmers in interaction with the soilinhabiting organisms in agroecosystems. Combating measures of farmers and the degrading activities of soil fauna may result in synergistic effects to control pathogenic fungi as well as their mycotoxins to stabilise yields and improve (or at least maintain) the quality and quantity of crop products and crop residues. Through the combination of good agricultural practice (residue management, sustainable crop rotation, less susceptible cultivars and sustainable fungicide application) by farmers (Busch et al., 2015) and the provision of ecosystem services by soil fauna an effective control of pathogens and pollutants can be achieved. The natural mechanism of self-regulation in the soil system is promoted by farmer's residue management.
Research is needed that involves stakeholders in order to obtain more knowledge of farm management tools influencing the soil biota, and design innovations at the crop and farming system levels. As stated by Mills et al. (2017) "At the societal level changing farmers' values and beliefs is easier if they recognise that it is something that society wants and values". As shown in our conceptual framework (Fig. 2) the farmer is at the interface between two systems: On the one hand using modern technologies to dominate nature and control production risks from natural constraints but ultimately still depending on natural regulation processes and their biotic actors as companions in an agricultural-ecological production system.
Under the current global market based system a first step towards sustainable farming is a combination of smart farming and promotion/ growth of sustainable farming. Smart farming is under way to use information and communication technology in the cyber-physical farm management cycle (Wolfert et al., 2017) to increase sustainable intensification of global agriculture. New technologies such as weed robots, better analysis technologies, genetically modified organism and the widespread use of data combines the farm based production approach with the systems approach. The nutrient status of the system that is worked in is taken into account and management input is adjusted to what is actually needed rather than overusing already scarce resources.
The hidden costs of resource depletion that are not part of the private costs create negative externalities in agricultural production. However, on the other hand, farmers provide positive externalities, which are not paid in the markets. Thus, policy measures are required to bridge the gap between private and social costs or benefits of sustainable soil management.
Outlook
This paper uses an analysis of earthworm fungal interactions to exemplify to what extent soil organisms can contribute to the wellbeing and welfare of farmers, consumers and people. To enhance yield they are substituted on-farm by the technologies and innovations of the "green revolution". The current research agenda with its own trend of specialization and intensification in each discipline seems to produce too many insights into details which are basically not enhancing or substituting technologies in farming by ES nor do they have an immediate impact on the profits of farmers. Although, there is a need for policy action in the form of new subsidies or regulations, even more needed is a closer cooperation and understanding between different scientific disciplines, in particular soil researchers and economists in order to support land users on their way towards a more sustainable farm management with concrete and profitable alternatives to the current technological mix used. The reconciliation of the external engineering agriculture linked to the global economic circulation and the internal ecosystem driven self-organizing mechanisms that can be managed by common agricultural practices is taken as a key to define an economic value for soil biota mediating ecosystem services.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.ecolecon.2019.02.003.
